1.. Introduction
================

Breast cancer is a major health problem, it accounted for 11.6% of all new cancer cases and 6.6% of all cancer deaths among women worldwide in 2018 and its etiology has thus far remained unidentified ([@b1-ol-0-0-11945]). According to epidemiological studies, environmental factors are influencing the increase in the incidence of breast cancer risk ([@b2-ol-0-0-11945]). Components as chemicals, including pesticides, are agents that produce deleterious effects on wildlife and humans ([@b3-ol-0-0-11945]--[@b13-ol-0-0-11945]).

Pesticides constitute a diverse class of xenobiotics used to protect crops and increase agricultural production. Among them, the organophosphorus pesticides (OPs) are the most commonly active insecticide used in the world ([@b3-ol-0-0-11945],[@b4-ol-0-0-11945]). There is evidence that chronic exposure to these compounds can have adverse effects on human health. Notably, pesticide exposure has been associated with an increased incidence of various diseases such as non-Hodgkin\'s lymphoma, multiple myeloma, soft tissue sarcoma, lung sarcoma, and several types of cancer, including pancreas, stomach, liver, bladder, and gallbladder cancer, as well as Alzheimer\'s and Parkinson\'s disease. Studies seeking to monitor people exposed to pesticides have shown several indicators of DNA damage, such as chromosomal aberrations, sister chromatid exchanges, micronuclei, and single-cell gel electrophoresis, among others ([@b14-ol-0-0-11945]--[@b16-ol-0-0-11945]). Previous studies have associated the increase of cancer risk with long-term exposure to several OPs in different countries, including in the USA ([@b5-ol-0-0-11945],[@b6-ol-0-0-11945],[@b8-ol-0-0-11945],[@b9-ol-0-0-11945]), Canada ([@b7-ol-0-0-11945]), and Italy ([@b10-ol-0-0-11945]) by both occupational and non-occupational exposures ([@b11-ol-0-0-11945]--[@b13-ol-0-0-11945]). For instance, malathion has been used to control a variety of pests in crops ([@b17-ol-0-0-11945],[@b18-ol-0-0-11945]). Furthermore, this pesticide has been associated with certain adverse effects, such as obesity and type 2 diabetes mellitus ([@b19-ol-0-0-11945]--[@b21-ol-0-0-11945]) and carcinogenicity ([@b18-ol-0-0-11945]).

The present review aimed to identify markers that exhibit properties of cell transformation based on a model that helps to define whether malathion or other substances affect the mammary gland and that may complement traditional markers for breast cancer in humans.

2.. Data collection methods
===========================

For this review article, a thorough search on MEDLINE (through PubMed), Web of Science, and SCOPUS was performed from inception to May 2019 to identify studies addressing EMT as markers for the long-term effect of environmental pesticides.

3.. Experimental induced rat mammary gland cancer model
=======================================================

Experimental mammary gland induced cancer models allow the ability to study the cellular and molecular mechanisms involved in breast carcinogenesis and gain an insight into the factors controlling cell proliferation of the normal mammary epithelium, both essential for an improved understanding of breast cancer initiation. An experimental rat mammary gland induced-cancer model provided an opportunity to study not only cancer initiation but also to address questions on which markers to use facing exposure to environmental substances over long time exposure. To the best of our knowledge, Calaf *et al* was the first group to examine the association between OPs and breast cancer using both *in vivo* ([@b22-ol-0-0-11945]--[@b26-ol-0-0-11945]) and *in vitro* systems ([@b27-ol-0-0-11945]--[@b32-ol-0-0-11945]) and by a pesticide, specifically, malathion. Epithelial rat mammary gland cells underwent a stepwise transformation into malignant ones through an increase of structures called terminal end buds, important targets associated with rat mammary carcinogenesis ([@b22-ol-0-0-11945],[@b33-ol-0-0-11945]), these studies indicated that malathion alone induced changes exclusively at the duct level, increasing in size and number of cells per mm^2^ with time. Such ducts defined as ductal in the proliferation stage, since one notable finding was that as time progressed those structures were transformed into mammary gland tumors that revealed a similarity to ductal carcinomas in comparison with controls, as reported by the World Health Organization ([@b34-ol-0-0-11945]).

The administration of an endogenous substance such as estrogen increased the average number of lobules per mm^2^ of rat mammary glands in comparison with control and malathion at 30, 124, 240 and 400 days after 5 days of treatment ([@b24-ol-0-0-11945]). The combination of the pesticide malathion and estrogen synergistically increased the number of such lobules following such treatment. Furthermore, markers for cancer detection such as c-myc, c-fos, CYP, and mutant p53 were up-regulated following 124 and 240 days after 5 days of treatment by the effect of malathion and estrogen. On the other hand, a combination of malathion and estrogen sharply induced pathological lesions in lung alveolar parenchyma, bronchiolar epithelial, and lymphatic tissues in comparison with control animals or animals treated with either substance alone ([@b25-ol-0-0-11945]). Thus, these results indicated an increase in the risk of rodent lung tumor formation by environmental exposure and endogenous substances. Furthermore, the same combination induced pathological lesions in glomeruli and convoluted tubules of the kidney indicating malignant transformation by exposure to environmental and endogenous substances ([@b26-ol-0-0-11945]). Thus, rat kidney tissues were analyzed for histomorphological and immunocytochemical alterations by the effect of malathion and 17β-estradiol (estrogen). The animals were injected malathion, estrogen, and the combination of both substances for 5 days and sacrificed 30, 124, 240 and 400 days after treatments. The results indicated that Vimentin protein expression was increased in convoluted tubules of animals treated with a combination of malathion and estrogen after 240 days of 5-day treatment and malignant proliferation was observed in the hilium zone. In summary, the combination of malathion and estrogen-induced pathological lesions in glomeruli, convoluted tubules, atypical cell proliferation, and malignant proliferation in the hilium zone and immunocytochemical alterations in comparison with control animals or animals treated with either substance alone concluding that an increased risk of kidney malignant transformation could be due to the exposure to environmental and endogenous substances ([@b26-ol-0-0-11945]).

On the other hand, malathion alone significantly increased the number of ducts of mammary glands in the proliferation stage. Whereas, the results indicated that there was no rat mammary tumor formation following the injection of atropine alone or in combination with the pesticide. A marker for cancer detection such as mutant p53 was up-regulated following treatment of malathion and down-regulated by atropine after 10 and 20 days. Atropine is a well-known parasympatholytic alkaloid used as an antidote for organophosphorus/carbamates poisonings ([@b35-ol-0-0-11945]).

*In vitro* studies revealed that either pesticide parathion or malathion alone or combined with estrogen-induced malignant transformation, as shown by anchorage-independent growth capability and invasive characteristics in comparison with the control as well as genomic instability, that is the frequency of loss of heterozygosity (LOH) and microsatellite instability (MSI) in the immortalized human breast epithelial cell line, MCF-10F. It was found that induced genomic instability altering p53 and c-Ha-ras protein and gene expression when treated with parathion or malathion alone and in combination with estrogen ([@b32-ol-0-0-11945]). MSI was found in malathion and estrogen-treated cells with a marker used for the p53 tumor suppressor gene at loci 17p13.1. The same combination of substances presented MSI with a marker used for c-Ha-ras mapped in chromosome 11p14.1, as well as mutations in c-Ha-ras for codons 12 and 61. LOH was observed in codon 12 in the presence of estrogen or malathion alone. Parathion alone and combined with estrogen-induced MSI in codon 61 ([@b32-ol-0-0-11945]).

Interestingly, malathion was classified as 'probably carcinogenic' to humans (Group 2A) by the International Agency for Research on Cancer in 2017 ([@b18-ol-0-0-11945]). Thereafter, studies have confirmed the increase in risk with OP in several hormonal-mediated cancers, including breast, thyroid, and ovary, suggesting potential cancer risk among women ([@b36-ol-0-0-11945]--[@b39-ol-0-0-11945]).

4.. Epithelial-to-mesenchymal transition (EMT)
==============================================

EMT is a biological process that allows interactions between the epithelial cells and basement membranes, even in normal conditions. EMT is a phenotypic change in the epithelial cells that, under specific conditions, allows cells to acquire a mesenchymal phenotype characterized by increased motility and one of these specific conditions is the loss of the adhesion molecule, E-cadherin, an adhesion protein that induces the EMT process ([@b40-ol-0-0-11945]).

Regarding cell-cell interaction, classical cadherins are transmembrane proteins that participate in Ca^2+^-dependent cell adhesion ([@b41-ol-0-0-11945],[@b42-ol-0-0-11945]). Among them, the E-cadherin is a cell surface protein, functionally linked to a polarized epithelial phenotype ([@b43-ol-0-0-11945],[@b44-ol-0-0-11945]) and its intracellular region contains binding sites that interact with catenins and other regulatory proteins ([@b45-ol-0-0-11945],[@b46-ol-0-0-11945]).

Chen *et al* ([@b40-ol-0-0-11945]) investigated the E-cadherin expression patterns in primary breast cancers and metastatic lymph nodes and observed that E-cadherin expression was aberrant in invasive ductal cancer and their corresponding metastatic lymph nodes. E-cadherin expression in the metastasized lymph node was closely associated with tumor size and the number of metastasized lymph nodes ([@b40-ol-0-0-11945]). Other reports have indicated that overexpression of Slug suppressed E-cadherin expression, with an eventual decrease in intercellular adhesion ([@b47-ol-0-0-11945],[@b48-ol-0-0-11945]) and initiation of the EMT in breast cancer due to the loss of E-cadherin expression ([@b49-ol-0-0-11945],[@b50-ol-0-0-11945]).

Among other proteins involved in EMT, it should be mentioned Vimentin as a structural protein that supports and anchors the position of organelles in the cytosol. It also controls the transport of low-density lipoprotein (LDL)-derived cholesterol from a lysosome to the site of esterification ([@b51-ol-0-0-11945]--[@b53-ol-0-0-11945]). Then, the EMT process allows tumor cells to undergo phenotypic changes the including migratory and invasive capabilities ([@b54-ol-0-0-11945]). Thus, EMT can be initiated by overexpression of certain proteins, for instance, Vimentin that is present in progression from *in situ* to invasive breast cancer ([@b55-ol-0-0-11945]). EMT induces the expression of other proteins such as fibronectin, N-cadherin ([@b55-ol-0-0-11945],[@b56-ol-0-0-11945]). This process comprises loss of cell cohesiveness and reorganization of the cytoskeleton ([@b54-ol-0-0-11945]). It was observed that there was a greater level of Vimentin protein expression in the mammary gland of pesticide-treated rats when compared with the control with metastatic properties similar to results observed in patients with breast cancer ([@b57-ol-0-0-11945]).

Another one is Axl, a cell surface receptor that has emerged as a key facilitator of immune escape and drug-resistance in cancer cells, leading to aggressive and metastatic cancer ([@b58-ol-0-0-11945]). Axl belongs to the TAM family of receptor tyrosine kinases. In particular, Axl is the central regulator of various signaling pathways implicated in cancer ([@b59-ol-0-0-11945]) that upon binding with its ligand, growth arrest-specific protein 6 (Gas6), undergoes dimerization and autophosphorylation which subsequently activates the downstream signaling pathways associated with carcinogenesis, such as the phosphatidylinositol 3-kinase/protein kinase B and the nuclear factor-κB (NFkB) signaling pathways ([@b60-ol-0-0-11945],[@b61-ol-0-0-11945]). Besides, Axl is an underlying oncogenic factor that is involved in the EMT process, which allows epithelial cells to undergo cell migration and invasion, inducing tumor progression ([@b62-ol-0-0-11945]).

5.. Main findings
=================

Firstly, the effect of malathion and estrogen was analyzed in these studies and showed that a combination of both substances caused malignant phenotypic alterations in mammary gland tissues and the changes increased progressively with time after exposure that was greater than control. The present study showed important histological alterations in the rat mammary gland treated with malathion, estrogen, and combination of both in comparison to controls ([@b63-ol-0-0-11945]).

Graphs of [Fig. 1A-D](#f1-ol-0-0-11945){ref-type="fig"} correspond to the quantification of the effect of malathion (M), estrogen (E), and combinations of both substances (M + E) in comparison to control on (A) E-cadherin, (B) Vimentin, (C) Axl, and (D) Slug protein expression in lobules of rat mammary gland (lobules/mm^2^). The results indicated that malathion alone did not change the number of lobules in sections immune-stained when compared with control, estrogen, and combinations of both substances. However, malathion and a combination with estrogen increased the number of lobules in the stage of proliferation in comparison with the control. Results were expressed as the average ± standard error (SE) of the mean. Comparison between groups was determined by ANOVA and Dunnett´s test using STATA 12 software (StataCorp LP) and P≤0.05 was considered to indicate a statistically significant difference. The stimulatory effect of estrogen was analyzed, and [Fig. 2](#f2-ol-0-0-11945){ref-type="fig"} shows the cross-section of representative images of mammary gland structures immune-stained with E-cadherin, Vimentin, Axl, and Slug by the effect of malathion (M), estrogen (E), and combination of both substances (M + E) in comparison to control (C).

Secondly, complementary, Calaf ([@b63-ol-0-0-11945]) studied E-cadherin, Slug, Axl, and Vimentin to analyze the effect of malathion and atropine as its antagonist that confirmed the malignant phenotypic alterations in rat mammary gland tissues. The changes increased progressively with time after exposure in comparison with control reaching mammary gland tumor formation. Graphs of [Fig. 3A-D](#f3-ol-0-0-11945){ref-type="fig"} correspond to the quantification of the intensity of E-cadherin, Vimentin, Axl, and Slug protein expressions of ducts in the proliferation stage (dsp/mm^2^) by the effect of malathion (M), atropine (A), and combination of both substances (M+A) in comparison to control of rat mammary glands. The main findings indicated that the malathion-treated group had significantly (P\<0.05) higher E-cadherin ([Fig. 3A](#f3-ol-0-0-11945){ref-type="fig"}), Vimentin ([Fig. 3B](#f3-ol-0-0-11945){ref-type="fig"}), Axl ([Fig. 3C](#f3-ol-0-0-11945){ref-type="fig"}) and Slug ([Fig. 3D](#f3-ol-0-0-11945){ref-type="fig"}) protein expression than the control, atropine, and combination of both. Interestingly, the malathion effect was counteracted by the effect of atropine providing evidence that a pesticide affects the mammary gland carcinogenesis as shown in an experimental induced mammary gland cancer model. [Fig. 4](#f4-ol-0-0-11945){ref-type="fig"} displays the cross-section of representative images showing the effect malathion (M), atropine (A), and combination of both substances (M+A) in comparison to control (C) on E-cadherin, Vimentin, Axl, and Slug protein expressions of ducts in stage of proliferation (dsp/mm^2^) of rat mammary glands.

6.. Conclusions and future perspectives
=======================================

In summary, we used several markers associated with EMT, including E-cadherin, Slug, Axl, and Vimentin. It was observed the counteracted effect of an antagonist such as atropine, or the stimulatory effect of estrogen as an endogenous factor in ductal and lobular rat mammary gland carcinomas, respectively. The present review demonstrated that EMT such as Slug as well as E-cadherin, Vimentin, and Axl could be suitable biological markers for breast cancer progression, besides the traditional cancer markers. Alteration of these markers may serve as a predicting factor to indicate whether a person has altered ducts or lobules in breast tissues indicated in biopsies of persons exposed to OPs or other environmental substances.
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